The dynamic electropulsing induced basal-texture evolution in an AZ61 magnesium alloy was studied by scanning electron microscopy, and backscattered electron microscopy techniques. It was found that electropulsing reduced residual stress inside the rolled magnesium alloy AZ61, which resulted in decreases of both twins and non-basal slips. Electropulsing improved mechanical properties of the alloy. The mechanism of the electropulsing induced texture evolution is discussed from the point of view of electropulsing dynamics.
Introduction
It is well known that a magnesium alloy sheet exhibits poor formability in conventional forming operation at ambient temperature, because of its hexagonal close packed (hcp) structure with limited slipping systems at room temperature. [1] [2] [3] Repeated annealing, i.e. recrystallization, is therefore required after cold deformation in order to reduce residual stresses inside the alloy sheet being worked. A newly developed process, electropulsing treatment (EPT) was recognized for its high efficiency in reducing residual stresses in alloys. As an alternative to traditional thermal and mechanical processes, EPT has attracted great attention. Extensive studies have been carried out in materials science and engineering, such as electroplasticity, 4, 5) electromigration, 6) and defect structure. 7) In our previous studies, it was found that EPT enhanced the recrystallization rate of Fe-3%Si alloy. 8, 9) However, little has been studied on the effects of electropulsing on microstructure and plastic behavior of magnesium alloys. The present work deals with electropulsing induced micro-texture evolution and its effect on the plastic elongation of the alloy AZ61.
Experimental Procedures
AZ61 magnesium alloy samples (Al-6 mass%, Zn-1 mass%) were extruded to form strips 3 mm wide and 1.5 mm thick. The as-received strips were rolled in one pass down to 1.30 mm under electropulsing (EPR), and correspondingly the compressive deformation rates reached 13.3%. The rolling direction (RD) was parallel to the extrusion one. Subsequently, tensile testing was carried out on the as-rolled samples.
The AZ61 strip moved at a speed of 2 m/min through a distance of 225 mm between two electrodes. It took about 7 s to move the strip from the anode to cathode. A custom made electropulsing generator was utilized to discharge multiple positive pulses. The pressure in the anode was just sufficient to keep good electrical contact, and in the cathode a larger pressure was implemented for rolling. Under the cathode blow roller a stress sensor was designed to monitor compressive stress. Pre-compressive stress was 8500 Pa. The parameters of frequency of electropulsing were monitored by a Hall Effect sensor connected to an oscilloscope, and the temperature of the AZ61 strip near the cathode was measured using a Raytek MX2 infrared thermoscope. Both the frequency of electropulsing and the temperature are listed in Table 1 . Prior to optical examination, the samples were polished with 2.5 and 0.5 mm diamond paste, and etched in acetic picral (5 ml acetic acid, 6 g picric acid, 35 ml ethanol, and 5 ml water) for 3 s. X-ray texture analysis was conducted on the surface of the cold-rolled and EPR AZ61 samples by X-ray diffraction in the back reflection mode with Cu-K radiation.
In order to clarify the effect of the electropulsing on the changes of intensity of the basal texture, various thermal rolling (THR) were carried out in parallel with the EPR processes.
Results
The optical micrographs of the cold-rolled and electropusling-rolled (EPR) specimens are shown in Fig. 1 . A large number of shear bands and twins resulting from the intensified stress were observed in the as cold-rolled specimen, as shown in Fig. 1 
(a). After 80 Hz/56
C for about 7 s, twinning decreased ( Fig. 1(b) ). With the increase of the frequency to 110 Hz/75 C for about 7 s, the twinning further decreased ( Fig. 1(c) ) After EPR with a frequency of 150 Hz/ 97 C for about 7 s, the twinning was considerably decreased, as shown in Fig. 1(d) .
The basal texture (0002) pole figures of both THR-and EPR-AZ61 alloy specimens were examined using XRD technique, as shown in Fig. 2 (a) and (b), respectively.
The corresponding (0002) pole figure ( Fig. 2(a) ) was of a random basal plane orientation with a max intensity of 9.8. With increasing frequency of electropulsing, the max intensity of basal texture increased to 12.5 (80 Hz/56 C) and the max intensity of basal texture (110 Hz/75 C) reached 14.7, as shown in Fig. 2(a2) and (a3) .
Accordingly, the pole figure of the (0002) basal plane indicated became relatively concentrated, and the dispersion of the tilt basal plane became reduced, as shown in Fig. 2(a4) . Simultaneously, due to the basal tilt from normal direction to rolling direction, a double peak of basal plane texture appeared with the max intensity of 15.8. The compressive stress decreased with increasing of frequency of the electropulsing, as indicated in Table 1 .
The relationship between basal texture intensity and temperature of the EPR specimens are shown as a curve (a) in Fig. 3 . It can be seen that the (0002) basal texture increased when the frequency of electropulsing increased. In comparison with the electropulsing induced texture evolution, the THR was performed at various surface temperatures of the specimens: 56 C, 75 C and 97 C, respectively. The (0002) pole figures of the basal texture are shown in Fig. 2(b) . No apparent changes of the (0002) texture were observed at 56 C, 75 C and 97 C in the THR specimens. Accordingly, the relationship between the intensity of the (0002) basal texture and the THR temperature is shown as a curve (b) in Fig. 3 . Compared with that in the cold rolled specimen, only a small amount of increase in the intensities of the basal texture was detected in the THR specimens, due to the decreasing of residual stress. The intensities of the (0002) basal texture remained stable in the THR specimens.
The relationship between the frequency of electropulsing and the mechanical properties of the AZ61 alloy specimens are shown in Fig. 4 . The max elongations of the cold rolled specimen and the EPR specimens with various frequencies of 80 Hz/56 C, 110 Hz/75 C, and 150 Hz/97 C are indicated by arrows 1, 2, 3 and 4 in Fig. 4 , respectively. It can be seen that the EPR greatly affected mechanical properties. Under cold rolling, the tensile stress strength was 340 MPa, with only an elongation of 1.9%. While under EPR, both strength and elongation were improved with increasing frequency of electropulsing. Under EPR at 150 Hz/97 C, the strength reached 400 MPa with a higher elongation of 3.2%.
Discussion
In magnesium alloys AZ61, there are the basal haislip systems and non-basal systems including prismatic haislip and pyramidal hc þ aislip systems. The critical resolved shear stress (CRSS) varied according to the texture of the samples being tested.
The CRSS for the non-basal systems is much larger than that for basal slip. 10) According to previous study, 11) in the extruded AZ61, grains with prismatic f10 1 10g and f11 2 20g and basal {0002} planes parallel to the sheet plane were responsible for twinning. During cold rolling compressive stress reached almost to 9 KPa, whilst the interior shear stress tremendously increased and CRSS of non-basal slips became dominant. Therefore, more twins were produced and plenty of non-basal slips were activated. As a result, the basal splitting considerably enhanced 12, 13) and the basal texture orientation became more random. Accordingly, the basal texture intensity under cold rolling is weak, only 9.8.
As shown in Fig. 2(a) and Fig. 3 , the basal texture intensities of the cold rolled specimen and the EPR specimens with 80 Hz, 110 Hz and 150 Hz, were 9.8, 12.5, 14.7 and 15.8, respectively. With an increasing of frequency of the electropulsing the basal texture intensity became stronger. Thus, the effect of electropulsing on texture evolution was obvious in the AZ61 alloy.
Previous studies indicated that under electropulsing electron wind formed by the knock-on collision of high-rate electrons with atomic nuclei was beneficial to the mobility of dislocation. 14, 15) Under the impact of transient stress, motivated dislocations were moving very quickly, even at ultrasonic speeds. 16) Electropulsing greatly accelerated movement of sliding dislocation, which resulted in fast annihilation of dislocation at grain boundaries and defects. 17) In accordance, interior stress caused by rolling reduced. In particular, activation of vacancies accelerated dislocation climbing 18) and further resulted in decrease of stress.
Under the EPR, the deformation resistance decreased, according to the formula: 19) e ¼ C½"
where e is plastic stress under electropulsing, C is constant, " is plastic strain caused by non-electropulsing, " e is plastic strain caused by electropulsing, Ã is the effective stress, is constant, J is current density, m Ã ¼ b Ã A=kT (where b is Burgers vector, A is the area swept out per successful thermal fluctuation, and k and T are constant). With the increasing frequency J becomes larger, according to the results of the experimental test: J / ffi ffi f 2 p , where f is the electropulsing frequency. The f increased, but the e decreased. Therefore, during EPR the compressive stress decreased with an increase in the frequency of electropulsing. In turn, the decrease of compressive stress was not favored by non-basal slipping and twinning. Thus, it can be seen that with increasing the frequency of electropulsing the twins considerably decreased. Meanwhile, the preferred basal texture orientation transformed from random to relatively concentrate, as shown in Fig. 2(a) . Normally, a random basal texture favors enhancing the elongation of magnesium alloys and develops ductility, but the Fig. 4 showed the opposite. Under cold rolling with large reduction in one pass, deformation became inhomogeneous. Accordingly, the deformation capacity of basal slip, prismatic slip and twinning was readily exhausted. 20) As a result, strain hardening occurred. Under cold rolling the elongation of the AZ61 alloy decreased due to the strain hardening. While under electropulsing the annihilation of dislocation reduced the residual stresses caused during rolling, and the elongation was improved, as shown in Fig. 4 .
Conclusions
In summary, it is concluded that under EPR, the compressive stress considerably decreased due to a great acceleration of both dislocation sliding and activation of vacancies, resulting in annihilation of dislocation. Compared with cold rolling, the EPR favored of transformation of the basal orientation from random to relatively concentrate because of reduction of the compressive stress. EPR reduced the residual stress, and elongation of the AZ61 alloy was improved.
